The redox reaction of oxygen has been considered critical in controlling the electrochemical properties of Li-excessive layered oxide electrodes. However, conventional electrode materials without over-lithiation remain the most practical if their performance could be improved through rational approaches. Typically, cationic redox reactions are believed to dominate the electrochemical operations in conventional electrodes, and the involvement of anionic redox reactions, although proposed, is yet to be clarified through reliable characterizations. Here, we show unambiguous evidence of reversible anionic redox reactions in LiNi1/3Co1/3Mn1/3O2., with a detailed quantification on its reversibility upon electrochemical cycling. Two types of oxygen involvements are discussed. One is the typical involvement of O through hybridization with transition metals throughout the electrochemical operation; the other is the intrinsic O redox at high potentials, which is 75% reversible during initial cycling and 63% retained after 10 cycles. Our results clarify the reaction mechanism at high potentials in conventional layered electrodes involving both cationic and anionic reactions. More importantlyAdditionally, our combined characterizations reveals indicate a critical role of transitionmetals for oxygen redox activities and the optimism of utilizing reversible oxygen redox reactions is promising in conventional layered oxides for high-capacity lithium-ion batteries.
Introduction
Rapid increases in the need for mobile electronic devices and large-scale energy storage applications have now created a strong demand for the cathode materials with higher energy densities in lithium-ion batteries (LIBs). [1] Among various cathode candidates, layered oxides have been regarded as the most intriguing materials compared to the other cathode materials owing to the higher capacities and more possibilities for the extended charging voltages. However, electrochemical cycling of layered compounds often cannot reach their theoretical limit without compromising the stability and cyclability. For example, LiCoO2, although widely used commercially, has a practical capacity of only about half of its theoretical value because of the structural instability with extended lithium extraction. [2] In this regard, to improve the reversible capacity and structural stability simultaneously, Ni-based layered oxides (LiNi1-x-yCoxMnyO2) have been extensively studied for not only fundamental purpose but also its commercialization because LiNi1-x-yCoxMnyO2 is expected to benefit from Ni on its capacity and Mn on its stability. [3] Nonetheless, oOperating such conventional layered materials at high potentials towards their theoretical capacity has been a critical practice to release the full benefits of layered compounds for high-capacity high-power battery electrodes. During the battery operation at high potentials, the involvement and control of oxygen have become a critical issue for realizing the high-voltage cycling while maintaining stability. The proposed anionic redox reaction has recently attracted considerable attention due to its potential to improve the energy density of battery cathode materials. [4] Most studies of the anionic redox reactions have focused on Li-excess layered compounds, which indeed displays high capacity beyond their cationic redox reactions (M n+ /M (n+1)+ ), however, suffer extensive stability issues that remain inevitable so far. [5] Therefore, extending the oxygen redox concept into the non-overlithiated Li-rich compounds for improved and stable capacity becomes remains as an elusive buta critical challenge, especially considering that all commercially viable materials so far are based on such conventional compounds. Previous sStudies of conventional materials before the establishment of oxygen redox concept often did not differentiate the dedicated oxygen redox reactions from the transition-metal (TM)-O hybridization effects in the material, e.g., . For example, the investigations on both the oxygen and Co in LiCoO2 indicated that oxygen could get involved in the redox reactions mainly through the hybridization with Co. [6] Figure 2 and 3, and the Table S2 includes the detailed value.
focusing on the cationic redox reaction (Ni 2+ /Ni 4+ and Co 3+ /Co 4+ ) with only general discussions on the involvements of oxygen through the TM-O hybridization. [7] While there is no doubt that the TM-O hybridization is critical in battery operations with oxygen redox contributions, today's concept of lattice oxygen redox refer to a dedicated oxygen contribution and are intrinsically different from the involvement of oxygen based on TM-O hybridization. [4h, 4j] Besides, oxygen redox reactions have been reported in Mg-doped Na-ion battery cathodes without excess Na; however, one should note that the bonding between Mg and O is fundamentally different from conventional 3d TM systems and resembles that of Alkali elements. [8] Therefore, these findings do not represent the electronic configurations in conventional 3d TM based nonoverlithiated layered cathodes. A complete picture of the involvement of oxygen and the clarification of dedicated lattice oxygen redox reactions in the conventional NCM cathodes become is thus critical for innovating and improving commercially viable materials based on non-overlithiated 3d TM oxides. Herein, we provide a comprehensive analysis of the redox mechanism of both the cationic and anionic activities in LiNi1/3Co1/3Mn1/3O2 across a wide range of potential with the focus on the oxygen activities at high potentials. As discussed in details later in the manuscript, We we distinguished two different types of O activities: the TM-O hybridization evolvement, which is affected by both TM and O redox throughout the whole electrochemical cycling, and the intrinsic lattice O redox reactions only at high potentials. Our experimental evidence unambiguously reveals the lattice O redox in the conventional NCM cathode at the high electrochemical potential region, which hasand more importantly, the lattice oxygen redox reactions are about 75% reversibilityle during the initial cycle with more than half of the amount retained after 10 cycles.
Through a series of hard and soft X-ray spectroscopy, we clarify the complete picture of the redox mechanism of such conventional NCM materials involving i) TM redox activities at relatively low potentials; ii) TM-O hybridization throughout the whole electrochemical range, and iii) dedicated oxygen redox reactions at high potentials above ~2/3 delithiation level. Note again that the identification and understanding of O activities are vital for utilizing the full potential of conventional cathode materials, and our results provide the most direct evidencesupport of the optimism on utilizing lattice oxygen redox in non-overlithiated layered compounds towards commercially viable electrodes with high capacity and energy density.
Results and Discussion

General electrochemical behaviors
Before presenting our detailed experimental detections of the TM and oxygen redox chemistry, we first define a general electrochemical range upon the cycling profile of NCM used in this work. Figure 1 shows the initial charge curve of LiNi1/3Co1/3Mn1/3O2 (NCM) obtained up to 4.8 V vs. Li/Li + (see Table S3 . (d) sXAS results of the Co L3-edge from the same set of samples (e) in-situ hXAS Co-K spectra with the focus on the leading peak shifts in the insert. (f) Quantified mean oxidation state value of Co from sXAS (black) and the trend of leading peak shifts from in-situ hXAS (red).
Figure S1, Table S1 and Supplementary Section 'Powder characterizations of NCM' for more details.) The evaluated charge capacity of NCM is 269 mAh g -1 , and its charge behavior shows good accordance with previous reports about NCM. It was generally believed that, when Li ions are continuously extracted for more than half of its pristine contents, the structural changes and release of oxygen take place and thereby are responsible for the degradation of NCM electrodes. It was also believed that these two detrimental factors are coupled with each other, i.e., oxygen release is associated with the phase change of NCM from layered oxide (MO2) to spinel (M3O4) or rock-salt (MO) at high potentials. Clearly, the key for employing the full theoretical capacity of NCM materials is to utilize the electrochemical capacity at high potentials, where, unfortunately, all these coupled effects take place. Therefore, in this study, we have focused on several specific electrochemical states beyond half delithiation levels with >4.0 V potentials (Colored dots in Figure 1 ). In this high-voltage range, in addition to the redox states of both the TMs and oxygen, it is equally important to detect the reversibility of the oxygen redox reactions, which is also elaborated by measuring cycled samples in this work.
TM redox reactions
The redox activities of TMs in NCM compounds have been studied before through X-ray absorption spectroscopy. [7b] Here we employ such conventional absorption spectroscopy of both the soft X-ray TM-L and hard X-ray TM-K edges, with dominating signals from TM 3d and 4p states, respectively, due to the dipole selection rule. Technically, soft X-ray absorption spectroscopy (sXAS) of TM-L directly corresponds to the TM-3d valence states, while hard X-ray absorption spectroscopy (hXAS) of TM-K benefits from the much deeper probe depth. [8] Although TM-L sXAS is a directly TM-3d probe and offers two different probe depth of about 10 nm and 100-200 nm through the electron yield (EY) and fluorescence yield (FY), respectively, [9] the line shape of the bulk-sensitive FY of Mn-L are seriously distorted ( Figure S2 ). [10] Therefore, in this work, we also measured Mn-L FY signals through inverse partial fluorescence yield (iPFY) extracted from high-efficiency mapping of inelastic X-ray scattering (mRIXS). [11] (See Figure S3 , S4 and Supplementary information of "Detailed characterization of NCM through sXAS and mRIXS") The mRIXS-iPFY has been demonstrated to be an effective bulk probe of Mn-L without any line-shape distortion for studying battery electrodes. [11] Furthermore, for TM-L edges, we have previously established a fitting methodology for quantitative analysis of various TM-L sXAS results, allowing us to go beyond previous TM characterization works and obtain quantitative values of the oxidation states of TMs at different electrochemical states. [12] These quantitative analyses are found to be generally consistent with the qualitative results from hXAS, achieving reliable quantitative values of the TM oxidation states in the electrodes. The general consistency between soft and hard XAS results also indicate that the signals of sXAS in the FY and mRIXS-iPFY modes do represent the bulk environment of NCM111. Figure 2 displays the evolution of the Ni and Co redox states at different electrochemical potentials based on sXAS-FY, and the stable Mn states verified by mRIXS-iPFY ( Figure S5 ). References of different TM states are plotted directly at the bottom of the spectral panels (Figure 2a, 2d and Figure S5 ) for direct comparisons. [13] The dotted lines in Figure 2a are fittings to the Ni-L experimental data by linearly combining the reference spectra calculated through the multiplet theory. [13a] The fitting results display a good match to the experimental data and quantify the Ni oxidation state at each electrochemical state, as shown in Figure 2c . For Co-L sXAS, it has been experimentally and theoretically clarified, that the main peak position shifts continuously and linearly from 777.4 eV to 777.9 eV with the valence state changing from 3+ to 4+. [12] Because Co-L spectra cannot be fitted by a simple linear combination method due to the flucturation nature of Co states, [12, 13b] the mean valence state of Co is evaluated based on the energy position of the main Co-L peak, as displayed in Figure 2f . The detailed value of the Ni and Co mean valence states are summarized in Table S3 .
Our quantified TM oxidation state evolution is compared with in-situ hXAS leading peak evolutions shown in Figure 2b and 2e for Ni-K and Co-K, respectively. We over-plot the energy shifts of the Ni-K and Co-K in-situ hXAS leading peak in Figure 2c and 2f (red dots). It is clear that the trend of the Ni and Co oxidation state evolution detected by the K-edge leading-edge shifts are consistent with the absolute quantification results from sXAS analysis. Based on these quantified values, the total amount of charge transfer from Ni and Co redox centers is calculated, as presented in Table S2 and plotted in Figure 1 (Dashed blue line).
The quantified TM redox reveals the details of the TM evolutions in NCM materials. First, the sXAS of Ni/Co (Figure 2a and 2d ) and mRIXS-iPFY of Mn ( Figure S5 ) of the pristine material displays exactly the same line shape as the reference Ni 2+ , Co 3+ and Mn 4+ spectra, thus experimentally concluding the initial TM states in pristine materials as expected LiNi1/3 2+ Co1/3 3+ Mn1/3 4+ O2. [14] Other than the oxidation state, TM-L sXAS line shape is also very sensitive to the 3d spin state configurations. [15] The experimental TM-L spectra clearly indicate high-spin Ni 2+ , low-spin Ni 3+/4+ , low-spin Co 3+/4+ and high-spin Mn 2+/3+/4+ states ( Figure S4 and S6 ). [12] Second, the evolution of Ni-L and Co-L line shape upon electrochemical charging clearly shows the systematic oxidation of Ni (Figure 2c ) and Co (Figure 2f ) while Mn remains unchanged ( Figure  S5 ). Again, this quantification is consistent with the hXAS TM-K spectral evolution, as discussed above and consistent with previous reports. [7] [8] Third, the quantifications show that both Ni and Co get oxidized up to the 0.65 -0.74 delithiation range; however, display negligible variation at high potentials (TM redox trend in Figure 1 ). Such a trend is often taken as the evidence of oxygen redox in literature; however, it is important to note that other irreversible oxidized oxygen, e.g., oxygen release and surface reactions, could also lead to such a trend. Therefore, a direct detection of lattice oxygen redox becomes critical to justify a useful range of reversible oxygen reactions.
Oxygen Activities: TM-O Hybridization and Oxygen Redox Reactions
Our central experimental results on the oxygen activities upon electrochemical cycling through O-K mRIXS experiments are displayed in Figure 3 . First, O-K sXAS results ( Figure S7 ) of a series of electrodes are consistent with previous findings, [7b] the O-K pre-edge feature area increases upon charge throughout the cycling process in both the low-voltage and high-voltage regions. It is important to clarify that such an enhancement of O-K pre-edge is a common phenomenon for almost all battery electrodes with or without O redox, e.g., LiFePO4. [10, 13a] The sXAS observation here and in other literatures do not meanshould/could not be used as evidence of oxygen redox takes place throughout the charging process even at low voltages in NCM or other materials,; instead, it only indicates a much enhanced TM-O hybridization upon charging, which that dominates this the O-K pre-edge intensity and lineshape, [11] . [10] We note that this has long been studied and known in physics,which actually has been studied and confirmed both theoretically and experimentally in physics field. [16] and our latest analysis shows that the evolution of O-K sXAS pre-edge in oxide based battery electrodes is almost completely controled by TM states, not oxygen [17] . Nonetheless, the clear O-K sXAS pre-edge features in all samples indicate a strong TM-O hybridization throughout the electrochemical process.
We have recently demonstrated that, through the new dimension on the fluorescence photon energy, where the oxidized oxygen feature (highlighted by red arrows) emerges at x = 0.76 (b), enhances at fully charged (c) and disappear at fully discharged (d), indicating the occurrence of a reversible anionic redox in NMC. O-K mRIXS of the 10th fully charged and discharged. The oxygen redox is still clear although the intensity drops. (g) O-K sPFY extracted by integrating the intensity within the characteristic emission-energy range from 522.5 eV to 524.5 eV on the O-K mRIXS (white dotted boxes). The numbers represent the shaded area between the charged and discharged/pristine electrodes, which is the quantified value of the intensity variation of the oxidized oxygen feature in O-K mRIXS. The ratio of these numbers provide the estimation of the initial cycle reversibility (0.215/0.288 = 75%) and the capacity retention after 10 cycles (0.136/0.215 = 63%) of the oxygen redox reactions. The mRIXS results and mRIXS-sPFY analysis of the full set of electrodes are presented in Figure S7 and Table S2 , which is visualized in Figure 1 .
In order to uncover the intrinsic lattice oxygen redox activities, we employed the recently demonstrated higheffeciency mRIXS technique, [18] which has quickly been recognized as the tool-of-choice for detecting the lattice (non-released) oxidized oxygen in battery electrodes. [10] [11] Particularly,called emission energy, provided in mRIXS results, a specific feature at emission energy of around 523.7 eV and excitation energy of around 531 eV fingerprints the oxidized oxygen state, [19] which could be clearly distinguished from the strong TM-O hybridization signals at emission energy of 525 eV. Such a feature fingerprint could therefore serve ais a reliable probe of the oxygen redox activities in the lattice, which has been verified in many Li-ion and Na-ion systems by this time. [10] [11] As an additional note, we have a very recent shown that paper by Radin etc., questions the validity of the mRIXS findings based on our reports of radiation damage effect of LiAlO2, [20] which shows that radiation introduces the oxidized oxygen feature. [21] As a matter of fact, we have already shown in the same work that the oxidized oxygen mRIXS feature in battery electrodes will be eliminated by radiation effect, instead of being introduced, [20] which directly rules out the possibility of photon-induced mRIXS feature of oxidized oxygen. The mRIXS observation of the oxidized oxygen in the electrode lattice is thus intrinsic. [20] Figure 3 displays the mRIXS results of the key electrodes during the initial and the 10th cycle at different electrochemical states. Figure S8 shows the mRIXS results of more samples that we measured. The very broad and dominating features around 522-527 eV emission energy (vertical axis) are typical signals from conventional O 2states. [21] The signals below 535 eV excitation energy (horizontal axis) correspond directly to the pre-edge features in sXAS from TM-O hybridization. mRIXS shows that these features are broadened and enhanced during charging even with x below 0.65, indicating an enhanced TM-O hybridization throughout the electrochemical range, as discussed above. The broad features above 535 eV excitation energy are from the hybridization to the TM 4s/4p states and the itinerant O 3p oxygen bands at high energies. [21] Strikingly, a dedicated sharp feature at 523.7 eV emerges at (only) high voltages with the delithiation level (x) above 0.65 (Figure 3, Figure S8e ), representing the true signals of oxidized oxygen in the lattice. [10] [11] Furthermore, Figure 3 shows that this feature gets enhanced upon charging and reaches its strongest form in a fully charged state (x = 0.94). More importantly, after discharge, this feature completely disappears, indicating a reversible reduction process, i.e., oxygen redox. We also show that, after 10 cycles, although the oxygen redox feature gets weakened in general, it could still be observed clearly in the charged NCM electrode and displays a reversible reduction reaction upon discharge (Figure 3e and 3f ). Because the appearance and disappearance of the specific oxygen redox feature in mRIXS correspond to the oxidation and reduction states of the oxygen, the reversibility of the lattice oxygen redox reactions could be estimated by following the intensity change upon cycling. [11] This analysis could be easily achieved by extracting the mRIXS intensity within the interested emission energy range (white rectangular in Figure 3) , the so-called super partial fluorescence yields (sPFY). [11] Figure 3g and Figure S8e display the sPFY spectra obtained by integrating the intensity within 522.5 to 524.5 eV emission energy range of mRIXS. The intensity evolution of the oxygen redox feature at 530.5 to 532 eV excitation energy range (shaded in Figure 3g and S8e) are summarized in Table S2 and illustrated in Figure 1 (red line) .
Therefore, the mRIXS results and sPFY quantification reveal that reversible lattice oxygen redox reactions take place when the system is more than half delithiated. More importantly, such an oxygen redox reaction in conventional NCM material is reversible and could be clearly seen after cycling. For quantifying the reversbility of oxygen redox, all the sPFY spectra were normalized to the hybridization peak at 529.7 eV so that the relative intensity at 531.0 eV could be compared at different eletrochemical states. Though the normalization will always affect the absolute intensity, however, only relative intensity change between charged and discharged states are concerned. Figure 3g displays the relative intensity variation of the specific oxygen redox feature in sPFY, with the shaded area representing the differences in the amount of oxidized oxygen between the charged and discharged states, during the 1st charging (0.288), 1st discharging (0.215), and the 10th discharging (0.136) cycles. The ratio of the area change suggests the first-cycle reversibility and the 10-cycle capacity retention of the oxygen redox, [11] about 75% (0.215/0.288) reversibility during the initial charge/discharge, and a retention of about 63% (0.136/0.215) after 10 cycles. Therefore, while TM-O hybridization is strong throughout the whole potential range and gets enhanced during charging, the intrinsic lattice oxygen redox reactions only take place in highly (X > 0.5) delithiated states. It is also remarkable that mRIXS technique characterizes the oxygen redox reaction in a conventional NCM system with a decent reversibility, i.e., 75% first cycle reversibility and 63% retention after 10 cycles. It is worthy noting that the quantification of O redox from mRIXS-iPFY sPFY analysis is applicable on many other battery elelctrode systems, including Na2/3Mg1/3Mn2/3O2 and Li-rich Li1.17Ni0.21Co0.08Mn0.54O2. [11] While the mRIXS-sPFY lineshape is highly material dependent because of the strong background signals from TM-O hybridization effect, it provides an unique opportunity to distinguishFor materials with other oxygen reactions, especially oxygen release, the quantification through mRIXS-sPFY quantifies the lattice oxygen redox contributions from other irreversible oxygen activities. [22] , i.e., only the "good" part of the oxidized oxygen, indicating the material-dependence of the quantification methods.
To get the insight of the local environment associated with the oxygen framework, we conducted the hard Xray extended absorption fine structure (EXAFS) analysis to identify the local structure change of MO6. The elemental sensitivity of the EXAFS enables the findings on which configuration plays the key role in the oxygen redox reactions. Figure 4 shows the EXAFS spectra obtained through Fourier transformation (FT) for the NCM electrode, and the fitted parameters for FT spectra have suggested in Table S4 -S6. The first FT peak is attributed to the bonding distance between M and O in all absorbers and shows the peak shift to shorter interatomic distance as Li content decreases. The second peak represents the second shell M-M distance. All the bonding lengths of the first shell of M-O (Figure 4d-f ) and second shell of M-M ( Figure S9 ) were investigated specifically with the delithiation level (x). For both the Ni-O and Co-O bonding length, the values decreases with x. The decrease with x < 0.65 is due to the shrinkage of Ni and Co ionic radius resulting from their oxidation (Figure 1 and 2) . However, although no further oxidation is found beyond x > 0.65 (Figure 1 and 2 Additionally, the variation of the M-M distance is more or less the same for all TMs, as shown in Figure S9 . The different behaviors of the first peak (M-O) and second peak (M-M) could be natually understood if one considers that the M-M distance is strongly affected by the M-O bond length due to the edge-shared octahydral structure. Therefore, the variation of the M-O in Figure  4d -f represents the intrinsic local structural change, which also affects the M-M distance with an overall averaged (same) trend. The interesting contrast between the Mn-O and Ni/Co-O strongly suggests that TM environment plays a critical role in the oxygen redox reactions. Naively, we could speculate that oxygen is activated in the vicinity of Ni/Co when the delithiation level is more than half, but oxygen becomes oxidized around Mn only at very high delithiation level. This also triggers another critical question on whether the types of oxygen oxidations are different between Mn and Ni/Co. Considering that irreversible behaviors are often observed at very high potentials, the strong Mn-O variation at the highly delithated levels may indicate specific irreversible oxygen activities if the cluster of Mn 4+ -O were further oxidized. Such a TM dependence on oxygen redox reactions could also be different in different material systems. The answers to all these questions are crucial for an ultimate understanding of the oxygen redox reactions in battery electrodes, and we expect the combined and direct experimental evidences here will inspire many future experimental and theoretical studies.
In summary, we provide so far the most direct, reliable and detailed experimental analysis of the redox mechanism on both the cationic and anionic activities across the full cycling range of conventional NCM materials. Reversible lattice oxygen redox reactions at high potentials are clearly revealed. The transition metal redox activity from Ni 2+ /Ni 4+ and Co 3+ /Co 4+ dominates the charge compensation with the delithiation level x < 0.65.
The oxygen involvement through TM-O hybridization is enhanced upon charging and is strong throughout the whole potential range. Importantly, the further delithiation above x = 0.65 predominantly depends on the dedicated anionic redox activity, which contributes to the excess capacity at the high potential range. While mRIXS detects only the lattice oxygen redox reactions, increasing charging potential often lead to irreversible O loss and associated surface reactions. This is evidenced by the 63% retention rate after only 10 cycles as extracted in this work. Indeed, if the O redox reaction was extended to 4.8 V vs. Li/Li + , a large irreversible capacity coming up to 40 mAh g -1 was observed during the following discharge. Moreover, cyclic degradation in ~ 0.76 < x < ~ 0.94 region also suggests that the highly oxidized states need to be further understood and carefully controlled ( Figure S10) . Nevertheless, our work shows that O redox activity could be reversible in conventional NCM systems. Such a possibility is essential for breaking the capacity limitation of the layered conventional compound. Additionally, the ~ 0.67 < x < ~ 0.76 region also triggers the O redox, however exhibits a stable cycle performance ( Figure S10 ). Such a clarification provides the optimism for breakthroughs in the capacity of nonoverlithiated layered oxides. Fundamentally, the combined soft and hard X-ray results suggest that TMs play a critical role in determining the oxygen activities, which could be the reason for the improved oxygen redox stability by replacing 3d transition metals with other heavy transition metals with a trade-off in cost.
Conclusion
There have been a lot of debates about the oxygen redox in the Ni-based layered oxide materials in the past 20 years. In this work, wWe have investigated the redox chemistry of conventional NCM electrode across a wide voltage range through state-of-the-art spectroscopic characterizations of both the cationic and anionic states. , and tThe reversible anionic redox activity was is unambeduously revealedproved by mRIXS in the consistency with previous XAS results.
The results also provide detailed information about the contribution of TM and oxygen in charge compensation of NCM at different potential range through their quantification that enables to establish a proper strategy for stabilization of materials, which suggests two kinds of oxygen activities involved in NCM cycling: the TM-O hybridization throughout the whole cycling range and the lattice oxygen redox only at high potentials. Again, oOur results raise lots of critical questions regarding the oxygen redox reactions as discussed above, and and we expect many future efforts triggered by the findings here, which will lead to both the fundamental clarifications of the reaction mechanism and the material optimizations towards a maximized energy density in non-overlithiated layered compounds, e.g., such as LiNi1-x-yCoxMnyO2.
